Microbe-macrophage interactions play a central role in the pathogenesis of many infections. The ability of some bacterial pathogens to induce macrophage apoptosis has been suggested to contribute to their ability to elude innate immune responses and successfully colonize the host. Here, we provide evidence that activation of liver X receptors (LXRs) and retinoid X receptors (RXRs) inhibits apoptotic responses of macrophages to macrophage colony-stimulating factor (M-CSF) withdrawal and several inducers of apoptosis. In addition, combined activation of LXR and RXR protected macrophages from apoptosis caused by infection with Bacillus anthracis, Escherichia coli, and Salmonella typhimurium. Expression-profiling studies demonstrated that LXR and RXR agonists induced the expression of antiapoptotic regulators, including AIM͞ CT2, Bcl-XL, and Birc1a. Conversely, LXR and RXR agonists inhibited expression of proapoptotic regulators and effectors, including caspases 1, 4͞11, 7, and 12; Fas ligand; and Dnase1l3. The combination of LXR and RXR agonists was more effective than either agonist alone at inhibiting apoptosis in response to various inducers of apoptosis, and it acted synergistically to induce expression of AIM͞CT2. Inhibition of AIM͞CT2 expression in response to LXR͞RXR agonists partially reversed their antiapoptotic effects. These findings reveal unexpected roles of LXRs and RXRs in the control of macrophage survival and raise the possibility that LXR͞RXR agonists may be exploited to enhance innate immunity to bacterial pathogens that induce apoptotic programs as a strategy for evading host responses.
M
acrophages serve essential functions as regulators of immunity and homeostasis (1, 2) . As participants in native immunity, macrophages phagocytose and kill invading microorganisms and elaborate signaling molecules that amplify acute inflammatory responses. Macrophages also contribute to acquired immune responses by means of specialized functions that include antigen presentation and regulation of T cell responses. Thus, regulation of macrophage differentiation and survival is critical to the overall control of the magnitude, duration, and characteristics of immune responses. Programmed cell death, or apoptosis, of lymphocyte and myeloid cells is regulated tightly through cell death receptor and mitochondrial pathways to limit amplification of immune responses and facilitate resolution of inflammation (3) . Apoptosis and survival pathways are also targeted by pathogens as a means of either escaping immune surveillance or establishing residence within host cells (4) . The inhibition of macrophage apoptosis may offer a strategy for augmenting innate immunity to highly virulent bacterial pathogens, such as Bacillus anthracis, Yersinia pestis, Salmonella spp., and Shigella flexneri, which have evolved various ways to kill host macrophages. The execution of all forms of programmed cell death involves the proteolytic activation of a cascade of intracellular cysteine proteases, known as caspases. Downstream effector caspases cleave specific protein targets and mediate the deliberate disassembly of the cell into apoptotic bodies (5) . A number of regulators of apoptosis function upstream and downstream of caspases by either promoting or suppressing their protease activities. For example, antiapoptotic members of the Bcl2 family act, at least in part, to preserve mitochondrial integrity and function (including its transmembrane potential, calcium-buffering capacity, and respiration efficiency), and they prevent the release of proapoptotic components. Other members of the Bcl2 family have an opposite effect, and they mediate mitochondrial dysfunction and eventual release of proapoptotic mediators (reviewed in ref. 6 ). One possible approach to the inhibition of macrophage apoptosis may involve a manipulation of the expression of such proteins.
Nuclear receptors are ligand-dependent transcription factors that regulate diverse aspects of development and homeostasis (7) . Several members of this family influence immune responses by activating or repressing cell-specific programs of gene expression in myeloid and͞or lymphoid cells (8) . For example, the glucocorticoid receptor exerts potent antiinflammatory effects partly by means of its ability to inhibit the actions of proinflammatory transcription factors, such as AP-1 and NF-〉 and induce apoptosis of lymphocytes (9, 10) . Liver X receptors (LXRs) represent a subset of the nuclear receptor superfamily that are regulated by oxidized forms of cholesterol (oxysterols) and intermediate products of the cholesterol biosynthetic pathway (11, 12) . Two LXR isoforms have been identified, LXR␣ (NR1H3) and LXR␤ (NR1H2), which are encoded by distinct genes. LXRs form obligate heterodimers with retinoid X receptors (RXRs), which are members of the nuclear receptor superfamily that can be regulated by 9-cis-retinoic acid (9cRA) and long-chain polyunsaturated fatty acids (13) (14) (15) . LXR͞RXR heterodimers regulate their target genes by recognizing specific LXR-response elements consisting of two direct hexanucleotide repeats separated by four nucleotides (16) . Without ligands, LXR͞RXR heterodimers actively repress transcription of target genes through recruitment of the nuclear receptor corepressors NCoR (nuclear receptor corepressor) and SMRT (silencing mediator of retinoid and thyroid hormone receptors) (17, 18) . Upon binding either LXR or RXR ligands, corepressors are exchanged with nuclear receptor coactivators, resulting in transcriptional activation. LXR͞RXR heterodimers induce expression of genes that mediate cholesterol efflux from cells and its ultimate excretion into bile (19) . This activity has been shown to be important in the regulation of cholesterol homeostasis in macrophages, which can accumulate massive amounts of cholesterol in disease settings, such as atherosclerosis. Recent studies have also demonstrated that LXRs inhibit transcriptional responses to activation of Toll-like receptor 4 (TLR4) in macrophages by antagonizing the actions of NF-B transcription factors (20) . Here, we provide evidence that LXRs and RXRs regulate macrophage survival, supporting the concept that they are important modulators of innate immunity.
Materials and Methods
Reagents. Anisomycin (from Streptomyces griseolus) and SB202190 were purchased from Calbiochem. Cycloheximide (CHX), 9cRA, and lipopolysaccharide were obtained from Sigma. T1317 and GW3965 were kindly donated by X-ceptor Therapeutics. We purchased 24(S),25-epoxycholesterol (EC) from Biomol (Plymouth Meeting, PA).
Cells. Bone-marrow-derived macrophages (BMDM) were isolated from 8-to 10-week-old mice as described (21) . LXR␣͞␤ Ϫ/Ϫ mice (22) were a gift from David Mangelsdorf (University of Texas Southwestern Medical Center, Dallas). The cells were cultured in DMEM (Cellgro, Mediatech, Herndon, VA) containing 20% FBS (HyClone) and 30% L-cell conditioned media as a source of macrophage colony-stimulating factor (M-CSF). Macrophages were obtained as a homogeneous population of adherent cells after 6-8 days of culture. Unless otherwise stated, macrophages were used at Ͻ80% confluence. All experiments were performed with the approval of the University of California at San Diego Animal Subject Committee.
Apoptosis Tests. DNA fragmentation was measured in triplicate samples with a photometric enzyme immunoassay (Cell-Death Detection ELISA Plus, Hoffmann-La Roche) directed toward the recognition of histone-associated DNA fragments. In some experiments, the measurement of DNA fragmentation was performed by flow cytometry. Briefly, the cells were fixed in 70% ethanol for 30 min at room temperature and then stained with propidium iodide (30 g͞ml) in 0.25% tryton͞PBS containing RNase A. The DNA content of 10,000 cells was analyzed by flow cytometry using an FL-2A channel. General caspase activation was measured in triplicate samples with a quantitative fluorimetric assay (homogenous caspases assay, Hoffmann-La Roche).
The exposure of phosphatidylserine in the outer leaflet of the plasma membrane was measured by annexin V staining (23, 24) . Macrophages were plated in slide chambers before exposure to LXR agonists and apoptotic signals. Annexin V-Alexa 568 staining (Hoffmann-La Roche) was perfomed in situ without detaching the cells from the plate. Hoechst dye was used for nuclear staining. Several fields of at least 120 cells each were counted, and the percentage of annexin V-positive cells versus total cells was determined.
Microarray Analysis. Total RNA was isolated and purified by using TRIzol reagent (Invitrogen) and RNeasy columns (Qiagen, Valencia, CA). cRNA was generated from 10 g of total RNA by using Superscript (Invitrogen) and the High-Yield RNA transcription-labeling kit (Enzo Biochem). Duplicate samples of fragmented cRNA were hybridized to U74A arrays or Codelink Uniset 1 mouse arrays according to the manufacturer's instructions (Affymetrix, Santa Clara, CA). Data were analyzed with MICROARRAY SUITE (Affymetrix) and GENESPRING software (Silicongenetics, Redwood City, CA).
Northern Blot Analysis. Total RNA was purified by using TRIzol. RNA samples (10 g per lane) were separated in 1.2% agarose gels containing formaldehyde and transferred to Genescreen nylon membranes (NEN). Hybridization to labeled probes was performed by using Quickhyb (Stratagene).
Small Interfering RNA (siRNA)-Mediated Knockdown of AIM. siRNA was obtained from Ambion (Austin, TX). Two different siRNAs directed to different regions of the AIM transcript were used. The following target sequences were used: AIM-1, 5Ј-A ACGGA AGACACGT TGGCTCA-3Ј; and A IM-2, 5Ј-AAGATGTCGTGTTCTGGACAA-3Ј. As a control, a scrambled siRNA that is not directed to any known vertebrate gene was developed from the following target sequence: 5Ј-AAGATACTCGTGATTGCACAC-3Ј. In experiments directed to study macrophage apoptosis, 8 ϫ 10 4 cells were transfected by using Superfect (Qiagen) with 0.4 M siRNA. The same ratio of siRNA͞cell numbers was maintained in higher-scale experiments.
Results

LXR Activation Inhibits Macrophage Apoptosis.
While investigating roles of LXRs in regulation of lipid homeostasis, it was noted that treatment of BMDM with LXR agonists improved their survival in the setting of growth-factor withdrawal. Therefore, we investigated potential roles of LXRs in regulation of macrophage apoptosis. Culturing BMDM for 36 h in the absence of their specific growth factor (M-CSF) resulted in increased levels of cells with subG1 DNA content (DNA content of Ͻ2 N), which is an indicator of apoptosis-induced DNA fragmentation ( Fig. 1  A and B) . This process was attenuated when macrophages were preincubated with the synthetic LXR agonists T1317 or GW3965 or the natural agonist EC. Intriguingly, 9cRA, which is a ligand for the RXR heterodimeric partner of LXRs, had little effect on subG1 DNA content alone, but it markedly enhanced the effects of all three LXR-specific agonists ( Fig. 1 A and B) .
To assess whether the protective effects of LXRs are limited to the control of programmed cell death caused by growth-factor withdrawal, we extended these studies to other modes of macrophage apoptosis. As a strategy to subvert normal host-defense responses, a number of pathogens are armed with virulence factors that lead to rapid death of host macrophages (4). These virulence determinants include pore-forming toxins, protein-synthesis inhibitors, superantigens, and inhibitors of prosurvival signaling. In particular, macrophages are very sensitive to protein-synthesis inhibition (25, 26) . Consistent with this observation, treatment of macrophages with CHX resulted in increased DNA fragmentation (Fig. 1C ) and caspase activation (Fig. 1D) . Preincubating the cells with T1317 for 24 h attenuated the apoptotic process induced by CHX in wild-type macrophages, but not in LXR-deficient macrophages (Fig. 1C) . Combined treatment of macrophages with synthetic or natural LXR agonists and 9cRA resulted in an additive inhibition of caspase activation (Fig. 1D) . Similar results were obtained when the macrophage apoptotic program was stimulated by anisomycin (S. griseolus) (data not shown).
LXR and RXR Agonists Protect Macrophages from Pathogen-Induced
Apoptosis. Recent studies have identified the p38MAPK pathway as a target for the action of lethal factor, a virulence determinant from B. anthracis (27) . Inhibition of the p38MAPK cascade sensitizes macrophages to programmed cell death in response to activation of TLR4 (26, 27) . Treatment of BMDM with LXR and RXR agonists resulted in decreased levels of annexin V staining after the combined incubation with LPS and the p38 inhibitor SB202190 (Fig. 2 A and B) . Therefore, we evaluated the possibility that LXR and RXR agonists could protect macrophages from apoptosis due to infection with B. anthracis and other bacterial pathogens. Indeed, preincubation with a combination of LXR and RXR agonists significantly reduced the apoptotic responses, as measured by TUNEL staining, that were elicited by infection with B. anthracis, Escherichia coli, and the Salmonella typhimurium strain SL1344͞SipB Ϫ (Fig. 2C) . Although, in some cases, the antiapoptotic effects of LXR͞RXR agonists could be overcome at high multiplicities of infection (data not shown), these findings suggest that LXR and RXR promote macrophage survival in the face of bacterial infection.
LXR and RXR Regulate Expression of Proapoptotic and Antiapoptotic
Factors. To characterize mechanisms of LXR-mediated protection from apoptosis, macrophages were preincubated with agonists at different time points before addition of the proapoptotic signal. Interestingly, inhibition of apoptosis in response to either anisomycin or the combination of SB202190 and LPS took place only after a 12-h preincubation of the cells with LXR and RXR ligands (Fig. 3 A and B) . To identify ligand-regulated antiapoptotic genes, expression-profiling experiments were performed by using Affymetrix U74A and Codelink Uniset Mouse 1 microarrays. Because the antiapoptotic effects of LXR agonists were strongly potentiated by 9cRA, microarray experiments examined effects of the LXR agonist T1317 alone and in combination with 9cRA. Whereas T1317 alone had relatively modest effects on expression of genes with functional annotations linked to apoptosis (data not shown), the combination of T1317 and 9cRA strongly regulated several proapoptotic and antiapoptotic genes (Fig. 3C) . The most significantly upregulated gene with a functional annotation linked to inhibition of apoptosis was AIM, also known as CT-2͞Api6 (28, 29) . AIM was recently demonstrated to be induced by LXR agonists in liver (30) . Also, the antiapototic regulators Birc1a (also known as NeuroAIP1) and Bcl-X L were up-regulated 3.3-and 2.9-fold, respectively (Fig. 3C) . The combination of T1317 and 9cRA also significantly down-regulated the proapoptotic regulators͞ effectors Dnase1l3 (DNase ␥); caspases 1, 4͞11, 7, and 12; Fas ligand; Cidea; and the peptidoglycan-recognition protein Tag7. These results were confirmed in two independent microarray experiments using Codelink Mouse Uniset I microarrays, and they were also validated for the overlapping sets of genes by using Affymetrix U74A microarrays (data not shown). Together, these findings suggest that the combination of LXR and RXR agonists exert antiapoptotic effects by coordinately regulating several proapoptotic and antiapoptotic genes.
An additional series of microarray experiments was performed to evaluate the influence of LXR activation on regulation of the apoptotic program induced by engagement of TLR4 (Fig. 4) . Macrophages were incubated with GW3965 or vehicle for 16 h and then treated with LPS for 6 h. Of 86 genes with functional annotations linked to apoptosis and expressed in at least one condition, 23 genes were altered Ͼ1.5-fold by LPS treatment. Categorizing these genes into proapoptotic and antiapoptotic functions indicated that the overall response to TLR4 engagement was primarily proapoptotic, illustrated for selected categories of genes in Fig. 4 . The dominant effect of LXR activation was to counterregulate a subset of the proapoptotic program of gene expression induced by LPS. For example, the LXR agonist attenuated LPS-dependent down-regulation of the antiapoptotic proteins Bcl2, Bag3, and Birc1a. Conversely, LXR activation inhibited LPS-dependent induction of the proapoptotic factors Bax, Bak, and Bcl211, as well as caspases 1, 3, 4͞11, 7, 8, and 12. Together, these findings provided another independent line of evidence suggesting that LXRs inhibit apoptosis by coordinately regulating a network of genes that control programmed cell death.
Because AIM was the gene that was the most highly induced by LXR and RXR activation, and because its antiapoptotic function is not as well established as that of Bcl-X L or Birc1a, we further characterized its regulation and function. AIM expres- sion was evaluated initially in differentiated macrophages treated with LXR agonists. AIM mRNA levels were maximally induced at 12-24 h of stimulation with T1317, which is somewhat delayed in comparison with ABCA1 and other direct LXR target genes (Fig. 5A) . The combination of T1317 and 9cRA led to a much stronger induction of AIM, with maximal levels of expression occurring at 24 h, consistent with the results of microarray experiments. Both the time course of AIM induction and synergistic effects of T1317 and 9cRA correlates with the time-course requirements and combinatorial effects of both ligands on inhibition of apoptosis shown in Fig. 3 . In LXRdeficient macrophages, AIM was no longer induced (Fig. 5B) . AIM expression could also be induced by EC, indicating that it is subject to regulation by natural LXR ligands (Fig. 5C ). Several combinations of the AIM promoter and upstream or downstream genomic elements were not sufficient to drive LXRdependent reporter gene expression in macrophage cell lines, raising the possibility that it is an indirect target of LXR͞RXR heterodimers (data not shown).
To investigate whether AIM induction contributes to the antiapoptotic effects of LXR agonists, we inhibited its expression by using AIM-specific siRNAs. Primary macrophages were transfected with either siRNAs directed against AIM or a control siRNA designed to be unable to direct degradation of any known mouse gene. The cells were then stimulated with 9cRA and T1317 and expression of AIM was determined 24 h later by Northern blotting. As shown in Fig. 5D , transfection of macrophages with the siRNA directed against AIM reduced AIM mRNA expression by Ϸ75%. Under these conditions, siRNA against AIM partially inhibited the ability of LXR and RXR agonists to protect macrophages from anisomycin-induced apoptosis (Fig. 5E ). In contrast, LXR and RXR agonists were fully capable of inhibiting anisomycin-induced apoptosis in macrophages transfected with the control siRNA. These results suggest that induction of AIM expression contributes to the mechanism by which LXR and RXR agonists protect against apoptosis.
Discussion
Roles of LXRs in the Control of Macrophage Survival. LXRs play critical roles in the regulation of cholesterol and fatty-acid homeostasis (31) . In macrophages, LXRs activate the expression of a set of genes (such as the ABCA1 cholesterol transporter) that act to reduce cellular cholesterol levels (32) (33) (34) . This function of LXRs has been most intensively studied in the context of atherosclerosis, which is a disease in which cholesterol-loaded macrophages accumulate within the walls of large arteries (35) . Recent studies demonstrating that synthetic LXR agonists can also inhibit transcriptional events induced by TLR4 signaling suggest that LXRs have additional roles in the regulation of immune responses (20) . The present studies, demonstrating that LXRs regulate macrophage survival, support this concept.
A potentially important antiapoptotic role of LXRs may be to protect macrophages from cholesterol toxicity due to phagocytosis of dead cells. Programmed cell death is an important phenomenon during resolution of inflammation, and oxidative damage is a component of the apoptotic program (36) . The resolution of acute inflammation requires the bulk clearance of infiltrating inflammatory cells in an ordered manner. Neutrophils participate in early phases of the inflammatory process by phagocytosing and destroying the agents that cause inflammation. Rapidly after their activation, they undergo apoptosis (37) . Resident macrophages play an essential role in the clearance of apoptotic bodies, and debris generated during those conditions and the uptake of apoptotic cells results in a significant load of cellular cholesterol. Conversion of a fraction of this excess cholesterol to oxysterol ligands for LXR would result in activation of genes (such as ABCA1) that are required for cholesterol efflux.
Unexpectedly, activation of LXR and RXR protects macrophages from apoptotic signaling pathways that are stimulated by bacterial pathogens including B. anthracis and S. typhimurium. Some pathogens, such as Listeria and Legionella, can reside intracellularly within macrophages and, thus, elude immune clearance (38) . In contrast, other pathogens (exemplified by Salmonella, Shigella, and Yersinia) induce macrophage apoptosis and stimulate the release of proinf lammatory cytokines (38) . The present studies suggest that use of LXR and RXR agonists may provide a useful tool for investigating the importance of apoptosis in the pathogenicity of various bacterial infections in vivo.
Mechanisms of LXR͞RXR Protection from Apoptosis. Activation of LXR predominantly antagonized the apoptotic program induced by engagement of TLR4 by both positively and negatively regulating gene expression. Furthermore, the combination of LXR and RXR agonists was more effective at inhibiting macrophage apoptosis than either agonist alone. The antiapoptotic factors Bcl-X L , Birc1a͞NAIP, and AIM͞CT2͞Api6 were significantly up-regulated by the combination of LXR and RXR agonists, suggesting that they are directly or indirectly regulated by RXR͞LXR heterodimers. Bcl-X L is an antiapoptotic form of Bcl-X that is related in structure and function to Bcl-2 (39) . Members of the Bcl-2 family control apoptosis by several mechanisms, including alterations in cytochrome c release, which ultimately regulates caspase activation (40, 41) . The balance between proapoptotic members (e.g., Bax, Bad, and Bak) and antiapoptotic members (e.g., Bcl-2, Bcl-X L , and Mcl-1) determines the fate of many types of cells. Birc1a͞NAIP is related to baculoviral inhibitor of apoptosis proteins (IAPs) (42) and directly inhibits the enzymatic activities of effector caspases 3 and 7 (43) . In combination with down-regulation of caspases 1, 4͞11, 7, and 12, coordinate up-regulation of Bcl-X L and Birc1a͞ NAIP provides a likely explanation for the ability of LXR and RXR agonists to decrease caspase activities in response to exposure to apoptotic stimuli and bacterial pathogens. AIM͞ CT2͞Api6 was synergistically activated by LXR͞RXR agonists and contributed to their antiapoptotic effects. Although the mechanisms responsible for the antiapoptotic activities of AIM͞ CT2͞Api6 remain to be established, in situ hybridization studies showed high expression in specific macrophage subpopulations, including subsets of Kupffer cells in the liver, macrophages in the thymic cortex, in the marginal zone of the spleen, and in peripheral areas of granulomas (29) .
Nuclear receptors also play important physiological roles by negatively regulating gene expression, and microarray experiments indicated that LXR͞RXR agonists inhibited the expression of several positive regulators and effectors of apoptosis. Mechanisms of negative regulation by nuclear receptors are generally less well understood than those responsible for positive regulation, and it is possible that additive͞synergistic effects of LXR and RXR agonists results from independent activities of the two receptor subtypes. However, microarray experiments indicated that 9cRA alone had very little inhibitory activity on LPS-dependent gene expression in macrophages (data not shown). Thus, it appears to be true that the predominant role of RXR agonists as inhibitors of apoptosis is to potentiate both the positive and negative transcriptional activities of LXR agonists, most likely acting through LXR͞RXR heterodimers. Caspases 1, 4͞11, 7, and 12 were modestly down-regulated (from 1.5-to 2-fold, Figs. 3C and 4D ), contributing to reduced caspase activity observed after treatment with LXR͞RXR agonists. Intriguingly, the combination of LXR and RXR agonists down-regulated several genes that contribute to apoptosis-induced DNA fragmentation. DNase ␥ and Cidea, which contribute to DNA deviations. * , P ϭ 0.045, vs. anisomycin treatment alone. ** , P ϭ 0.011, vs. anisomycin alone. *** , P ϭ 0.055, vs. anisomycin alone fragmentation during apoptosis (44, 45) , were strongly downregulated in response to LXR͞RXR agonists. LXR͞RXR agonists also inhibited the expression of peptidoglycan recognition protein (PGLYP), which forms a cytotoxic complex with heatshock protein 70 (46) .
Together, these studies demonstrate that LXR and RXR coordinately regulate the network of genes that control programmed cell death, resulting in protection of macrophages from bacterial-induced apoptosis. Therefore, it will be of interest to further explore the roles of LXRs and RXRs in regulation of the responses of macrophages and other cell types to infection and test the possibility that LXR͞RXR agonists may be used to enhance innate immunity to bacterial pathogens by their ability to prevent macrophage apoptosis.
